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Background: The 22Ne(p,γ)23Na reaction is the most uncertain process in the neon-sodium
cycle of hydrogen burning. At temperatures relevant for nucleosynthesis in asymptotic giant branch
stars and classical novae, its uncertainty is mainly due to a large number of predicted but hitherto
unobserved resonances at low energy.
Purpose: A new direct study of low energy 22Ne(p,γ)23Na resonances has been performed at the
Laboratory for Underground Nuclear Astrophysics (LUNA), in the Gran Sasso National Laboratory,
Italy.
Method: The proton capture on 22Ne was investigated in direct kinematics, delivering an intense
proton beam to a 22Ne gas target. γ rays were detected with two high-purity germanium detectors
enclosed in a copper and lead shielding suppressing environmental radioactivity.
Results: Three resonances at 156.2 keV (ωγ = (1.48± 0.10) · 10−7 eV), 189.5 keV (ωγ =
(1.87± 0.06) · 10−6 eV) and 259.7 keV (ωγ = (6.89± 0.16) · 10−6 eV) proton beam energy, respec-
tively, have been observed for the first time. For the levels at Ex = 8943.5, 8975.3, and 9042.4
keV excitation energy corresponding to the new resonances, the γ-decay branching ratios have been
precisely measured. Three additional, tentative resonances at 71, 105 and 215 keV proton beam
energy, respectively, were not observed here. For the strengths of these resonances, experimental
upper limits have been derived that are significantly more stringent than the upper limits reported
in the literature.
Conclusions: Based on the present experimental data and also previous literature data, an
updated thermonuclear reaction rate is provided in tabular and parametric form. The new reaction
rate is significantly higher than previous evaluations at temperatures of 0.08-0.3 GK.
PACS numbers: 25.40.Lw, 25.40.Ny, 26.20.-f, 26.30.-k
I. INTRODUCTION
The neon-sodium cycle of hydrogen burning (NeNa
cycle) converts hydrogen to helium through a chain of
proton induced reactions involving neon and sodium iso-
topes. The NeNa cycle contributes negligibly to the en-
ergy budget, but it is of great importance for stellar nu-
∗ e-mail address: d.bemmerer@hzdr.de
cleosynthesis, because it affects the abundances of the
elements between 20Ne and 27Al [1].
Predicting the abundances of NeNa cycle elements in
different astrophysical objects has become highly topical
since the discovery of the anticorrelation between sodium
and oxygen abundances in red giant stars of globular clus-
ters [2, a review]. In principle, material showing such
a Na-O anticorrelation may be produced by hydrogen
burning when the temperature is so high that not only
the CNO cycle, but also the NeNa cycle is activated [3].
In order to explain how such material can be brought to
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2the stellar surface where it can be detected, mainly one
scenario is invoked: Pollution of the interstellar medium
with the ashes of hydrogen burning from a previous gen-
eration of stars. Several candidates have been proposed
for such a pollution: intermediate-mass Asymptotic Gi-
ant Branch (AGB) stars or super AGB stars [4–6], fast
rotating massive stars [7], supermassive stars [8], massive
stars in close binary systems [9], stellar collisions [10],
and classical novae [11]. A detailed understanding of the
nuclear physics of the NeNa cycle is needed in order to
sharpen quantitative predictions for the nucleosynthetic
output of these objects, which, in turn, are necessary to
evaluate their respective impact on the Na-O anticorre-
lation [8].
The 22Ne(p,γ)23Na reaction is the most uncertain re-
action of the cycle [12]. The uncertainty is due to a large
number of predicted but hitherto unobserved resonances
at proton energies1 below 400 keV [12–15], and to a num-
ber of observed but poorly constrained resonances at 400-
1300 keV [16], see Fig. 1 for a partial level scheme of 23Na
including the astrophysically relevant resonances.
The resonances above 400 keV have been studied sev-
eral times before, most recently at the 3 MV Tandetron
of Helmholtz-Zentrum Dresden-Rossendorf (HZDR) [16,
and references therein]. For the resonances below 400
keV, however, data are scarce. The 23Na states between
Ex = 8822-9171 keV have been studied with indirect
techniques [17–19], but in many cases the spin and par-
ity assignments to those levels are uncertain and their
γ decay modes are poorly known, if at all. Direct [20]
and indirect [17, 18] experiments have been performed
to derive the strength of 22Ne(p,γ)23Na resonances be-
low 400 keV, but both approaches only provided upper
limits (tab. III). Moreover, three states at Ex = 8862,
8894 and 9000 keV have been reported as tentative in an
indirect measurement [17].
The upper limits for the unobserved resonances are
treated differently in the literature. In the NACRE com-
pilation [12], usually 1/10 of the upper limit is adopted as
value, with an error bar from zero to the full upper limit.
In the Iliadis/STARLIB compilation [13–15], several un-
observed resonances were completely excluded from con-
sideration, therefore also the uncertainty stemming from
these cases was left out [14]. For the other resonances,
Iliadis/STARLIB adopted a Monte Carlo sampling tech-
nique. As a result of the different treatment of the unob-
served resonances between NACRE, on the one hand, and
Iliadis/STARLIB, on the other hand, the difference be-
tween the adopted rates in the two compilations is as high
as a factor of 700 at a temperature of 0.08 GK [12, 15].
Sensitivity studies focusing on nucleosynthesis in AGB
stars experiencing Hot Bottom Burning (HBB) [23] and
on classical novae explosions [24] show how the uncer-
1 Here, Ep refers to the proton beam energy in the laboratory
system, E to the center-of-mass energy, and Ex to the excitation
energy in the 23Na nucleus.
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FIG. 1. (Color online) Partial level scheme of 23Na, level en-
ergies taken from [19, 21, 22]. The Q-value and the resonance
energies in the laboratory system of the 22Ne(p,γ)23Na reac-
tion are also shown. The resonances highlighted in red have
been studied at LUNA [22, and present work]. The resonances
shown in blue have recently been investigated at HZDR [16].
On the right side of the plot, relevant energy ranges are given
for three astrophysical scenarios.
tainty in the 22Ne(p,γ)23Na rate affects the abundances
of the nuclides between 20Ne and 27Al, leading to abun-
dance variations as high as two orders of magnitude.
In order to clarify the situation of the 22Ne(p,γ)23Na
resonances below 400 keV, a new direct experiment has
been performed deep underground at the Laboratory for
Underground Nuclear Astrophysics (LUNA) [25].
The present data on the Ep = 156.2, 189.5 and 259.7
keV resonances has been published in abbreviated form
[22]. Here, full details of the experiment and data analy-
sis are given, together with the decay branching ratios of
the newly observed resonances. The thermonuclear re-
action rate is given both in tabular and parameterized
forms for use in stellar evolution codes.
The present work is organized as follows. The exper-
imental method and the setup are described in sec. II.
Section III discusses the data analysis technique. The
results obtained for each of the resonances investigated
are shown in secs. III A-III D. The astrophysical reaction
rate and a brief discussion are given in sec. IV.
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FIG. 2. (Color online) Sketch of the experimental setup. The proton beam enters the target chamber from the left hand side
of the picture and stops on the beam calorimeter. The collimation system for the germanium detectors is shown in detail.
II. EXPERIMENT
The experiment has been conducted at the LUNA 400
kV accelerator [26], deep underground at the Gran Sasso
National Laboratories (LNGS), operated by the Italian
National Institute for Nuclear Physics (INFN). Owing to
its deep underground location, LUNA affords a uniquely
low background [25, 27], allowing to investigate proton
capture on 22Ne with unprecedented sensitivity [28].
A. Ion beam and target chamber
A proton beam with a typical intensity of 200 µA was
delivered to a differentially pumped, windowless gas tar-
get [28, for details]. The target chamber was filled with
1.5 mbar of neon gas, enriched to 99.9% in 22Ne. A recir-
culation and purification system collected the gas exhaust
from the pumping stages, removed possible contaminants
through a chemical getter and finally recycled the gas to
the target chamber, keeping the purity of 22Ne constant
throughout the measurements.
The beam entered the target chamber through a water
cooled copper collimator (denoted AP1 in fig. 2) of 4.3
cm length and 0.7 cm diameter and was stopped on the
hot side of a beam calorimeter, used to measure the beam
intensity with 1% precision [28, 29].
The gas density as a function of the position inside
the chamber and the beam heating correction have been
studied in details [28], giving the areal number density
of the target atoms with an overall uncertainty of 1.3%.
The possible presence of an air contamination in the gas
was checked periodically using the intense 14N(p,γ)15O
resonance at Ep = 278 keV. The nitrogen level in the gas
was always found to be below 0.1%.
B. γ-ray detection system
Emitted γ rays were detected by two high-purity Ger-
manium (HPGe) detectors (fig. 2): One, of 90% relative
efficiency [30], was mounted on top of the target chamber
and was collimated at 90◦ (Ge90). The other, of 135%
relative efficiency, was mounted below the target cham-
ber and collimated at 55◦ (Ge55). Both detectors were
enclosed in a copper and lead shield of 15-25 cm thick-
ness, absorbing γ rays from the decay of environmental
radioactive isotopes [28].
Two independent data acquisition systems were used in
parallel: one with a 100 MHz, 14-bit CAEN N1728B dig-
ital ADC providing list mode data and the other with a
standard analog signal amplification chain and 16k chan-
nel histogramming Ortec 919E ADC unit.
The detection efficiency for γ-ray energies between 478
and 1836 keV was measured with point-like 137Cs, 60Co
and 88Y activity standards from Physikalisch-Technische
Bundesanstalt, calibrated with < 1% error, and one 7Be
radioactive source produced at MTA ATOMKI (Hun-
gary) and calibrated with 1.5% uncertainty. By mov-
ing each of the radioactive sources, in turn, along the
beam axis, the peak detection efficiency was measured as
a function of the distance from the AP1 collimator (see
the left panel of fig. 3 for the efficiency profile at Eγ
= 478 keV, measured with the 7Be source). The shape
of the profile is dominated by the collimation geometry.
For both detectors, the efficiency profile is maximal at a
distance z = 6.2 cm from AP1 (fig. 3, left panel).
The efficiency curve as a function of γ-ray energy was
then extended up to Eγ = 6791 keV using the well-known
14N(p,γ)15O resonance at Ep = 278 keV [31] (Ex = 7556
keV). This resonance de-excites either directly to the
ground state or to one of the excited states at 5180, 6172,
and 6791 keV. Each of these three states, in turn, decays
with 100% probability directly to the ground state. In
the cascade via the 6172 keV (6792 keV) level, a 1384
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FIG. 3. (Color online) Left: Ge90 (red squares) and Ge55 (black dots) detection efficiency as a function of the distance from
the AP1 collimator measured with a 7Be source. Right: Ge90 (red squares) and Ge55 (black dots) efficiency as a function of
the γ-ray energy measured at x = 6.2 cm distance from the AP1 collimator. The fit residuals and the 1σ uncertainty on the
fit function are shown in the lower part of the right panel. Open symbols represent the 765 and 1384 keV gammas from the
14N(p,γ)15O reaction, which were used to normalize the detection efficiency at 6 MeV (see text for details).
keV (765 keV) γ ray is emitted, lying in the energy range
where the efficiency can be determined using radioactive
sources. This allows to determine the efficiency for 6 MeV
γ rays using a relative approach: The efficiency at 1384
keV (765 keV) is derived from the fit of the radioactive
sources data, then the efficiency at higher energies was
calculated normalizing the 6172 keV (6791 keV) counting
rate to the counting rate of the 1384 keV (765 keV) peak.
Given the short beam-detectors distance, true coin-
cidence summing had to be taken into account in the
evaluation of the detection efficiency. The summing-out
correction [30] depends both on the full-energy peak ef-
ficiency and on the total detection efficiency. A Geant4
[32] simulation of the setup was used to determine the
peak-to-total ratio and to infer the total detection effi-
ciency for 60Co, 88Y and 14N(p,γ)15O γ rays. The sum-
ming out correction was always between 0.028 and 0.040,
depending on γ-ray energies. A conservative uncertainty
of ±20% on the summing-out correction was adopted.
Fig. 3 (right) shows the full-energy peak efficiency as
a function of the γ-ray energy, measured at 6.2 cm from
the AP1 collimator. Fits of the efficiency curves with
second-order polynomials in the double-logarithmic plane
[33] are also shown, together with the fit residuals. The
total uncertainty on the detection efficiency determined
through the fit functions in fig. 3 is always at the 1-2%
level.
Further details on the experimental setup, and on the
data analysis, can be found in thesis works [34, 35].
III. DATA ANALYSIS AND RESULTS
For each resonance studied here, as a first step a run
was performed at the beam energy where the maximum
yield was expected according to the literature resonance
energy, the beam energy loss and the efficiency profile of
the detectors. If a signal was observed, a resonance scan
was performed, changing the beam energy in 1-2 keV
energy steps and measuring the yield of the Eγ = 440 keV
transition from the first excited state to the ground state
of 23Na. Finally, a long run was performed at the beam
energy where the maximal yield was observed, aiming for
a statistical uncertainty below 10% for each detector.
The branching ratio Bx for each transition x was then
derived using the following relationship:
Bx =
Nx/ηx∑
i (Ni/ηi)
(1)
where Ni is the number of counts observed for each γ
line and ηi its peak detection efficiency. As the γ-ray
spectra were always dominated by the resonance under
study, the contribution from possible unobserved transi-
tions was assumed to be negligible in the branching ra-
tio analysis. Only one detector, Ge55, was used for the
branching ratios determination. The second order Leg-
endre polynomial vanishes at 55◦, minimizing possible
angular distribution effects.
In order to determine the energy of the three newly dis-
covered resonances, each resonance scan was compared to
the efficiency profile measured with the 7Be source. The
maxima of the efficiency profile and of the resonance scan
are expected to be in the same position along the target
chamber, because the two γ-ray energies are very close
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FIG. 4. Resonance scans for the three newly discovered resonances, measured with Ge55. The bottom x axis shows the initial
proton energy. The top axis shows the calculated proton energy at the position where Ge55 has maximum efficiency. The red
arrows correspond to the error band assumed for the beam energy at resonance maximum.
by (Eγ = 478 keV for
7Be, and Eγ = 440 keV for the reso-
nance scan). The resonance energies were then calculated
using the relationship:
Eresp = Ep − (x+ xcoll)
dE
dx
−∆Epipe (2)
where:
• Ep is the proton energy corresponding to the max-
imum in the yield profile of the resonance,
• x is the distance between the place of the efficiency
maximum (fig. 3) and the right edge of the AP1
collimator (fig. 2),
• xcoll is the effective length of the AP1 collimator
(fig. 2),
• dE/dx is the proton energy loss per unit length in
neon gas, and
• ∆Epipe ≈ 0.5 keV is a correction introduced to ac-
count for the proton energy loss in the tube that
connects the first pumping stage with the target
chamber [28].
The uncertainty of Eresp was estimated taking into ac-
count the systematic uncertainty on the proton beam en-
ergy (0.3 keV [26]) and on the proton energy loss in neon
gas (1.7% [36]). The overall uncertainty is two to three
times smaller than the uncertainty reported in the liter-
ature [14, 19].
The results on the resonance energies are shown in
table I, together with a comparison with previously re-
ported values [14, 19]. The values by Jenkins et al. [19]
for the excitation energy Ex have been reported with
1 keV uncertainty. For comparison, the Jenkins Ex data
are converted to resonance energies Eresp using the Q-
value of the 22Ne(p,γ)23Na reaction, which is precisely
known, Q = (8794.11±0.02) keV [37]. Also, new recom-
mended excitation energies Ex are computed from the
present Eresp values (table I).
TABLE I. Resonance energy Eresp in keV obtained here
(LUNA), compared to the literature values by Iliadis et al.
[14] and by Jenkins et al. [19]. The values for the excitation
energy Ex from the present work (LUNA) and from Jenkins
et al. [19] are also shown.
Eresp LUNA E
res
p [14] E
res
p [19] Ex LUNA Ex [19]
156.2± 0.7 158± 2 156.8± 1.0 8943.5± 0.7 8944± 1
189.5± 0.7 186± 2 186.0± 1.0 8975.3± 0.7 8972± 1
259.7± 0.6 259.2± 1.0 258.2± 1.0 9042.4± 0.6 9041± 1
The present new resonance energies are consistent with
the literature, with the exception of the 189.5 keV res-
onance, which was expected to be found at 186 keV
[14, 19]. The resonance energy enters the reaction rate
calculation in an exponential term (eq. 7). Therefore, at
T9 = 0.2 this seemingly small 3.5 keV shift in resonance
energy leads to 18% reduction in the thermonuclear reac-
tion rate contributed by this resonance, underlining the
importance of a correct energy determination.
For cases where the statistics collected on single γ-
ray transitions was sufficient, the coincidences between
the two detectors were studied, in order to confirm that
the newly observed transitions are actually related to the
decay of the resonance under study.
Finally, the resonance strength was deduced from the
measured yield, assuming an infinitely thick target, i.e.
the proton width Γp was assumed to be much smaller
than 4 keV (the typical proton beam energy range cov-
ered by the HPGe detectors, fig. 4). Then, the following
relationship [38] applies:
ωγ = R
Ymax
λ2R/2
mt
mt +mp
(3)
where R is the effective stopping power in the laboratory
system, λR is the centre of mass de Broglie wavelength at
the resonance energy, and mt and mp are the masses of
the target and projectile, respectively. The total reaction
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yield Ymax was obtained with the following formula:
Ymax =
1
Q
∑
i
(
Ni
ηi
)
(4)
where Q is the total integrated charge, Ni is the num-
ber of counts measured for the primary transitions i and
ηi is the corresponding detection efficiency. With this
approach, the resonance strength is independent of the
branching ratios found.
The systematic uncertainty on the resonance strength
includes 1.7% uncertainty on the effective stopping power
[36], 1% uncertainty on the beam current determination
and an uncertainty between 1% and 2% on the detection
efficiency.
The tentative resonances at 71, 105 and 215 keV have
also been investigated but no γ lines from the decay of
23Na were observed, therefore new upper limits on the
resonance strengths were determined.
In the following section, the results obtained for each
resonance are discussed.
A. 156.2 keV resonance (Ex = 8943.5 keV)
By strength, the 156.2 keV resonance is the weakest
resonance observed in this experiment. However, it has
a significant astrophysical impact, as discussed below in
sec. IV. The excitation function and a typical spectrum of
the resonance are shown in figures 4 and 5, respectively.
Figure 5 shows on and off resonance spectra obtained
irradiating the target with similar integrated charges.
Eresp = 156.2 keV corresponds to 8943.5 keV excitation
energy in 23Na. Jenkins et al. reported a doublet of two
levels at 8944 keV excitation energy [19], with tentative
spin and parity assignments of 3/2+ and 7/2−, respec-
tively. For the low proton beam energies used here, the
7/2− level is strongly disfavoured by the angular momen-
tum barrier. Therefore it is assumed that only the 3/2+
level is populated.
Jenkins et al. report two γ rays de-exciting the 3/2+
level, 8944→2391 and 8944→3914. The ratio of their
respective intensities is 0.7+0.8−0.3, in fair agreement with
the present, much more precise value of 0.30±0.05. The
latter value has been calculated from the present absolute
branching ratios (table II) for the decay of this level. The
only transition from the de-excitation of the 7/2− state
reported by Jenkins, 8944→2703, was not detected here,
as expected based on the above considerations.
The single yields measured with each of the two de-
tectors are mutually compatible within statistical errors,
therefore no correction was made for the angular distribu-
tion, and the total yield was simply taken as the average
of the Ge55 and Ge90 yields.
The final resonance strength is ωγ = (1.48 ± 0.10) ×
10−7 eV. This value is compatible with the upper limit
provided by the previous direct experiment [20] (see tab.
III). Surprisingly, it is a factor of 16 higher than the upper
limit for the resonance strength given by the most recent
indirect study, ωγ ≤ 0.092×10−7 eV [18], which is the
value adopted by Iliadis/STARLIB [13, 15].
Ref. [18] assumed the level to have Jpi = 7/2−, mean-
ing their deduced spectroscopic factor and resonance
strength probably refer to the second level of the doublet,
not observed here. The existence of a second state with
Jpi = 3/2+ at the same energy was only reported much
later [19]. It should be noted that an earlier indirect res-
onance strength determination, based on a spectroscopic
factor from (d,n) stripping reactions and also assuming
Jpi = 7/2−, gave a strength of ωγ = 6.5×10−7 eV [39].
The present, direct resonance strength lies between the
two indirect numbers [18, 39], which differ by a factor of
70.
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FIG. 6. (Color online) Top: γ-ray spectra measured at the proton energy of maximum yield of the 189.5 keV resonance
(black) and 16 keV above the maximum (turquoise). Bottom: coincidence spectrum obtained gating on the 440 keV peak in
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B. 189.5 keV resonance (Ex = 8975.3 keV)
The 189.5 keV resonance, which corresponds to the
8975.3 keV excited state in 23Na, strongly affects the
22Ne(p,γ)23Na reaction rate for classical novae. The res-
onance energy is 3.5 keV higher than previously assumed
(fig. 4). Figure 6 shows the comparison between the on-
and off-resonance spectra.
The only literature information on the γ decay of the
8975.3 keV level comes from Ref. [19], where this level
was reported at 8972 keV. In Ref. [19], only a transition
to the 2982 keV state was observed. In the present work
instead, in addition to this transition, five others were
also observed, and two of the new branches are each ten
times stronger than the only previously reported branch
8975→2982 (tab. II). It can only be speculated that these
strong transitions were obscured by some background in
Ref. [19], where many states were populated at the same
time, with the entry point at 13 MeV excitation above
the 23Na ground state.
As an additional cross-check, the most intense among
the new transitions was studied by the analysis of γ-γ co-
incidences between the two detectors: a coincidence gate
was applied on the 440 keV transition in Ge90, then the
coincident spectrum of Ge55 was analyzed. The coinci-
dence spectrum obtained is shown in fig. 6, compared to
a coincidence spectrum obtained gating on a background
region next to the 440 keV peak and as wide as the region
of interest of the 440 keV peak.
The newly discovered transitions from the 8975.3 keV
state to the 440 keV and 2076 keV states, which taken
together account for 90% of the total decay probability,
are both observed in coincidence with the 440 keV peak
at 95% confidence level. The previously known [19] decay
to the 2982 keV state was also observed here, but it is
much weaker than the two new decays, at 3.7% branching
8[keV]
γ
E
3000 4000 5000 6000 7000 8000 9000
co
un
ts
 / 
ke
V
0
20
40
60
80
100
120
140
R     5927
R     2076
R     440
3848     0
R     2703.5
19F(p,α)16O
R     3848
R     3914
R     6042
R     6355
[keV]
γ
E
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
co
un
ts
 / 
4 
ke
V
0
10
20
30
40
50
60
70
5000 5500 6000 6500 7000 7500 8000 8500 9000
0
1
2
3
4
5
6
7
8
R     440
2076     440e+e-
2704     2076
R    2076
3848     2076
2704     440
R     3848
R     2704
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ratio.
A resonance strength of (1.87±0.06)×10−6 eV is finally
obtained here for the 189.5 keV resonance. This is only
slightly below the previous experimental upper limit of
≤2.6×10−6 eV [20]. In the previous indirect work by Hale
et al. [18], a value of 3.4×10−6 eV had been found based
on the (3He,d) spectroscopic factor. However, instead of
their own indirect value, Hale et al. (and, subsequently,
also Iliadis/STARLIB) adopted the similar experimental
upper limit, ≤2.6×10−6 eV [20].
C. 259.7 keV resonance (Ex = 9042.4 keV)
The resonance at 259.7 keV is the most intense one
observed in the present experiment. The resonance scan
is shown in figure 4, and a partial γ ray spectrum with
the most intense transitions is shown in figure 7.
This resonance corresponds to the 9042.4 keV excited
state in 23Na. This level was reported as part of a
doublet with a 9038 keV level [19]. According to [19],
the 9038 keV level has Jpi = 15/2+, while the 9042.4 keV
level has Jpi = 7/2+ or 9/2+. The γ transitions reported
in [19] for the 9038 keV level (9038→7267, 9038→6234,
9038→5533) are not observed here, in an almost back-
ground free spectrum (fig. 7). This is expected, because
of the high angular momentum barrier due to the 15/2+
angular momentum of this level.
For the higher level in the doublet, 9042.4 (reported
as 9041 in Ref. [19], 7/2+ or 9/2+), the angular momen-
tum barrier is much lower. Two decay modes were ob-
served in the literature, 9041→2076 and 9041→440 [19].
These transitions correspond to the most intense γ rays
observed here. Several additional transitions have been
observed in the present experiment (fig. 7 and tab. II).
Following the procedure described for the case of the
9189.5 keV resonance, also here the γ-γ coincidences were
studied. The transitions from the resonance to the 440,
2076, 2703.5, 3848 and 6042 keV states are observed in
coincidence with the 440 keV γ ray (fig. 7) at 95% confi-
dence level, confirming the correctness of the branching
ratios derived in the present work.
The new resonance strength, ωγ =
(6.89±0.16)× 10−6 eV, is twice as high as the pre-
vious experimental upper limit, ≤2.6× 10−6 eV [20]. It is
possible that it was missed in that work [20] due to an in-
sufficient number of energy steps. The previous indirect
upper limit is ≤0.13× 10−6 eV [18], but the spin-parity
was only tentatively identified there and no complete
angular distribution was available, so it is possible that
the measured upper limit for the spectroscopic factor
referred to the other state of the doublet, the 15/2+
level at 9038 keV, which is astrophysically irrelevant due
to its higher spin and, hence, higher angular momentum
barrier.
D. 71 keV, 105 keV and 215 keV resonances (Ex =
8862, 8895 and 9000 keV)
The tentative resonances at 71, 105 and 215 keV were
searched for by setting the beam energy to populate
each resonance at the target position where both de-
tectors had maximum efficiency. Because of the width
of the efficiency plateau, for a given resonance energy
Eresp this search covers a beam energy range of [E
res
p -
2 keV;Eresp +2 keV].
The existence of the three excited states correspond-
ing to these states had been reported as tentative in an
early 22Ne(3He,d)23Na experiment [17]. A later study
with the same method re-investigated the 71 and 105
keV resonances but could only find upper limits [18]. The
Nuclear Data Sheet lists the existence of all three levels
Final level Initial level [keV]
[keV] 8943.5 8975.3 9042.4
440 42.8(0.9) 45.4 (0.9)
2076 47.9 (0.9) 18.7 (0.6)
2391 23 (4)
2704 10.9 (0.5)
2982 3.7 (0.5)
3848 13.3 (0.5)
3914 77 (4) 1.1 (0.3) 1.8 (0.4)
4775 1.8 (0.2)
5927 3.6 (0.2)
6042 2.6 (0.2)
6355 1.5 (0.2)
6618 2.7 (0.2)
6820 2.2 (0.2)
TABLE II. Branching ratios for the γ decay of the Eresp =
156.2, 189.5, and 259.7 keV resonances, corresponding to the
Ex = 8943.5, 8975.3, and 9402.4 keV excited states of
23Na,
respectively. Statistical uncertainties are given in parentheses.
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FIG. 8. (Color online) Regions of interest for the 440 keV
peak (pink) and for the background estimation (light green
lines) in the spectrum taken on the tentative 215 keV reso-
nance.
as tentative [21]. However, for each of the first two lev-
els, corresponding to the 71 and 105 keV resonances, a
definitive spin-parity assignment of JΠ = 1/2+ is given
[21]. This value is justified [21] with the assumption of
l=0 angular momentum transfer in the 22Ne(3He,d)23Na
reaction. However, these levels were only tentatively or
not at all detected in the two 22Ne(3He,d)23Na experi-
ments [17, 18], so the assumed JΠ assignment for the 71
and 105 keV resonances [21] seems speculative and is not
followed here. For the tentative 215 keV resonance, no
spin-parity assignment is given [21].
Also in the present experiment, none of the three res-
onances was detected. Instead, upper limits for the res-
onance strengths were derived assuming 100% branching
ratio for the 440→0 keV transition from the first excited
to the ground state.
For the evaluation of the upper limits the Rolke
method has been used [40], which applies the profile like-
lihood technique in the case of a Poisson-distributed sig-
nal, taking into account the uncertainty on the back-
ground determination. In the present case the back-
ground estimate is based on experimental data, i.e. on
the number of counts in two spectral regions on the left
and on the right side of the 440 keV peak. The back-
ground thus has similar uncertainty as the signal, which
is why the Rolke method is used here. Fig. 8 shows
the regions of interest adopted for the signal and for the
background estimation in the case of the tentative 215
keV resonance. The regions of interest were chosen using
spectra from different, observed resonances where the 440
keV peak was clearly in evidence, and then used without
change for the tentative resonances.
The present new upper limits are summarized in table
III. Owing to the ultra-low background at LUNA, the
new limits are orders of magnitude lower than the upper
limits from the previous direct experiment [20].
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TABLE III. 22Ne(p,γ)23Na resonance strengths used for the reaction rate calculation. Upper limits from the present work are
given at 90% confidence level. Resonances at Ep > 661 keV are adopted without change from Ref. [15] but not listed here. See
text for details.
Eresp Strength ωγ [eV] Screening
[keV] Literature Literature Present work, Adopted enhancement
direct indirect and Ref. [22] factor f
29 - ≤ 2.6× 10−25 [14] - ≤ 2.6× 10−25
37 - (3.1± 1.2)× 10−15 [14] - (3.1± 1.2)× 10−15
71 ≤ 3.2× 10−6 [20] ≤ 1.9× 10−10 [18] ≤ 1.5× 10−9 ≤ 1.5× 10−9 1.266
105 ≤ 0.6× 10−6 [20] ≤ 1.4× 10−7 [18] ≤ 7.6× 10−9 ≤ 7.6× 10−9 1.140
156.2 ≤ 1.0× 10−6 [20] (9.2± 3.7)× 10−9 [14] (1.48± 0.09stat± 0.04syst)× 10−7 (1.48± 0.10)× 10−7 1.074
189.5 ≤ 2.6× 10−6 [20] 3.4× 10−6 [18] (1.87± 0.03stat± 0.05syst)× 10−6 (1.87± 0.06)× 10−6 1.055
215 ≤ 1.4× 10−6 [20] - ≤ 2.8× 10−8 ≤ 2.8× 10−8 1.045
259.7 ≤ 2.6× 10−6 [20] ≤ 1.3× 10−7 [18] (6.89± 0.07stat± 0.15syst)× 10−6 (6.89± 0.16)× 10−6 1.034
291 ≤ 2.2× 10−6 [20] - - ≤ 2.2× 10−6
323 ≤ 2.2× 10−6 [20] - - ≤ 2.2× 10−6
334 ≤ 3.0× 10−6 [20] - - ≤ 3.0× 10−6
369 - ≤ 6.0× 10−4 [18] - ≤ 6.0× 10−4
394 - ≤ 6.0× 10−4 [18] - ≤ 6.0× 10−4
436 0.079 ± 0.006 [16] - 0.079 ± 0.006
479 0.594 ± 0.038 [16] - 0.594 ± 0.038
638.5 2.45 ± 0.18 [16] - 2.45 ± 0.18
661 0.032 ± 0.015 [16] - 0.032 ± 0.015
It should be noted that the limits calculated are purely
experimental, different from indirect upper limits avail-
able from the literature which depend on the spin-parity
assumed and on the normalization for spectroscopic fac-
tors [18].
IV. ASTROPHYSICAL ASPECTS
An updated reaction rate has been calculated using
the results from the present experiment and the most
recent literature data [15, 16]. The input parameters for
the reaction rate calculation are listed in table III and
explained in the following.
The effect of cross section enhancement due to electron
screening [41] has been taken into account in the reaction
rate calculation. The resonance strength is proportional
to the proton partial width Γp, which, in turn, depends
on the Coulomb barrier penetrability Pl(E) as a function
of partial wave l and energy E. The enhancement of the
cross section, hence the resonance strength, measured in
the laboratory due to the electron screening effect [41]
can be expressed by the enhancement factor f given by:
f =
ωγmeasured
ωγbare
=
Pl(E + Ue)
Pl(E)
(5)
where E is the resonance energy in the center-of-mass
system, Ue is the screening potential, and ωγbare is the
resonance strength for a bare nucleus without atomic
electrons. In the adiabatic limit, the screening potential
Ue is given by the difference between the total electron
binding energy of neutral 23Na and the combined bind-
ing energies of neutral 22Ne and neutral 1H [41]. Using
tabulated values [42], Ue = 0.895 keV is found. For l
= 0, which is usually the case at low energy, f can be
approximated as [43]:
f =
(
E
E + Ue
)1/2
exp [−2piη(E + Ue) + 2piη(E)] (6)
where η(E) is the Sommerfeld parameter [38]. For the
resonances studied here, the calculated screening en-
hancement factors f in the adiabatic limit are included in
table III. In order to obtain the bare resonance strength
ωγbare, the strength values listed in table III have to be
divided by the respective f value.
For the intermediate-energy resonances at Ep = 436,
479, 638.5, and 661 keV, recent experimental data [16]
have been used. For the resonances at even higher en-
ergies, Ep > 661 keV (not listed in table III), and for
the 29 and 37 keV resonances, energy and strength data
from the STARLIB compilation [15] are used here.
Using these input data, a Monte Carlo technique has
been adopted to calculate the reaction rate: a random
sampling of the input parameters that enter the reaction
rate calculation was performed, assuming a Gaussian dis-
tribution for the resonance energy, and a lognormal dis-
tribution for the resonance strength [44].
The upper limits on the strengths of the tentative reso-
nances at 71, 105 and 215 keV were also included using a
Monte Carlo approach but taking into account the prob-
ability density function of the present experimental data:
for each tentative resonance, Poisson-distributed random
counts in the region of interest and in the background
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FIG. 9. (Color online) 22Ne(p,γ)23Na total reaction rate normalized to STARLIB 2013 [15] (black full line), and its 1σ error
bar (grey band). The contribution of individual resonances and of the direct capture component is given in color, restricted to
resonances contributing more than 1% to the previous total rate.
were extracted, then a number of net counts was derived
subtracting the background from the ROI counts. The
resonance strength was then calculated using eq. (3).
For each of the temperatures in table IV, the random
sampling of all parameters was repeated 104 times and
the total resonant reaction rate NA〈σv〉R was calculated
for a grid of temperatures T9 with the relationship [38]:
NA〈σv〉R = 1.5399 10
5
(µT9)3/2
∑
i
(ωγ)i exp[−11.605Eresi /T9]
(7)
where T9 is the temperature in GK, µ = m22mp/(m22 +
mp) the reduced mass in amu (atomic mass units), (ωγ)i
the strength of resonance i in eV, and Eresi the center-of-
mass energy of resonance i in MeV. The total reaction
rate NA〈σv〉 is then given by:
NA〈σv〉 = NA〈σv〉R +NA〈σv〉DC (8)
with NA〈σv〉DC the direct capture contribution, assum-
ing a constant S-factor of 62 keV·b with a relative un-
certainty of 40% [39].
At each given temperature, the ‘low’, ‘median’ and
‘high’ value of the thermonuclear reaction rate were then
determined using the 0.16, 0.50, and 0.84 quantiles of the
probability density function for the total reaction rate.
The three tentative resonances at 71, 105 and 215 keV
were treated in a special manner for the ‘low’ rate. For
this rate, they were simply set to zero, with uncertainty
zero, as had been done previously by Iliadis/STARLIB
[13–15]. In this way, the remaining uncertainty due to
the non-zero experimental upper limit led to a relatively
large error band especially at T9 ∼ 0.07, where the influ-
ence of the 105 keV resonance is greatest. This error is
much larger than the one by Iliadis/STARLIB [13, 15],
but more realistic given the strong differences between
indirect and direct results observed here for the 156.2
and 259.7 keV resonances.
The reaction rate is provided in tabular form in table
IV. In the temperature range 0.02≤T9≤2, it can be ap-
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proximated to ±4% by the following analytical formula:
NA〈σv〉 = p0T−2/39 exp(p1T−1/39 ) (9)
+p2T
−3/2
9 exp(p3/T9) + p4T
−3/2
9 exp(p5/T9)
+p6T
−3/2
9 exp(p7/T9) + p8T
−1/2
9 exp(p9/T9)
+p10T
−3/2
9 exp(p11/T9)
with coefficients:
p0 = 1.086× 10+6 p1 = −1.550× 10+1
p2 = 5.073× 10−10 p3 = −4.120× 10−1
p4 = 4.394× 10−1 p5 = −2.097
p6 = 1.031× 10+5 p7 = −5.178
p8 = 8.327× 10+5 p9 = −7.343
p10 = 9.198× 10−4 p11 = −1.229
(10)
The contribution of the various resonances to the to-
tal reaction rate is shown in fig. 9 and discussed in the
following paragraphs.
At the very lowest temperatures, T9 ≤ 0.05, the reac-
tion rate is almost completely dominated by the 37 keV
resonance, whose energy and strength are so low that
a direct strength measurement cannot be conceived of
with present technology. It has to be noted that at these
low temperatures, the NeNa cycle is very inefficient and
hardly contributes to nucleosynthesis, when compared to
the CNO cycles.
At somewhat higher temperatures, T9 = 0.05-0.1, the
present median rate is dominated by the tentative res-
onance at 105 keV. Even though it is not observed, the
little rate contributed by the nonzero part of the proba-
bility distribution function derived from the present up-
per limit is enough to dominate the recommended rate,
and the error bar. It is clear that this resonance warrants
further study. Just such a measurement is presently un-
derway at LUNA. It should be noted that the 1σ lower
limit of the thermonuclear reaction rate has been calcu-
lated setting this resonance to zero.
At even higher temperatures, T9 = 0.08-0.2, each of the
two newly observed resonances at 156.2 and 189.5 keV
contributes more to the rate than the total recommended
rate in the previous Iliadis/STARLIB compilations. The
total rate enhancement is up to a factor of three, even
when the tentative resonance at 105 keV is left out. The
relatively strong new resonance at 259.7 keV contributes
much less to the reaction rate, only up to 10% of the
previous total. The direct capture component, assumed
to be described by a constant S-factor of 62 keV barn [39],
contributes in this temperature range, as well.
For even higher temperatures, 0.2 ≤ T9, a number of
resonances above 400 keV play a role, and in particu-
lar three resonances recently studied at HZDR [16] are
included in the present rate.
The tentative resonances at 71 and 215 keV have been
omitted from fig. 9, because they contribute less than
1% to the previous total rate at all temperatures shown
here.
T9 Low Rate Median Rate High Rate
0.01 2.936×10−25 6.915×10−25 1.643×10−24
0.011 1.135×10−23 2.553×10−23 5.756×10−23
0.012 2.402×10−22 5.058×10−22 1.059×10−21
0.013 3.036×10−21 6.088×10−21 1.226×10−20
0.014 2.671×10−20 5.233×10−20 1.023×10−19
0.015 1.762×10−19 3.338×10−19 6.471×10−19
0.016 9.133×10−19 1.687×10−18 3.092×10−18
0.018 1.358×10−17 2.463×10−17 4.432×10−17
0.02 1.173×10−16 2.053×10−16 3.576×10−16
0.025 5.423×10−15 9.089×10−15 1.545×10−14
0.03 6.538×10−14 1.086×10−13 1.836×10−13
0.04 1.335×10−12 2.337×10−12 4.519×10−12
0.05 7.723×10−12 1.811×10−11 1.094×10−10
0.06 2.450×10−11 1.589×10−10 2.209×10−9
0.07 8.370×10−11 1.631×10−9 1.550×10−8
0.08 5.892×10−10 9.926×10−9 8.124×10−8
0.09 4.624×10−9 4.544×10−8 2.744×10−7
0.1 2.783×10−8 1.654×10−7 7.338×10−7
0.11 1.257×10−7 4.575×10−7 1.695×10−6
0.12 4.503×10−7 1.160×10−6 3.348×10−6
0.13 1.337×10−6 2.690×10−6 6.410×10−6
0.14 3.413×10−6 5.857×10−6 1.135×10−5
0.15 7.740×10−6 1.173×10−5 1.980×10−5
0.16 1.585×10−5 2.205×10−5 3.259×10−5
0.18 5.327×10−5 6.688×10−5 8.602×10−5
0.2 1.466×10−4 1.732×10−4 2.038×10−4
0.25 1.653×10−3 1.797×10−3 1.917×10−3
0.3 2.160×10−2 2.295×10−2 2.429×10−2
0.35 1.807×10−1 1.910×10−1 2.015×10−1
0.4 9.285×10−1 9.793×10−1 1.032×10+0
0.45 3.332×10+0 3.510×10+0 3.697×10+0
0.5 9.281×10+0 9.767×10+0 1.028×10+1
0.6 4.335×10+1 4.549×10+1 4.773×10+1
0.7 1.320×10+2 1.382×10+2 1.448×10+2
0.8 3.088×10+2 3.232×10+2 3.383×10+2
0.9 6.067×10+2 6.366×10+2 6.680×10+2
1 1.059×10+3 1.112×10+3 1.175×10+3
1.25 2.992×10+3 3.189×10+3 3.430×10+3
1.5 6.240×10+3 6.749×10+3 7.373×10+3
1.75 1.081×10+4 1.179×10+4 1.301×10+4
2 1.657×10+4 1.814×10+4 2.014×10+4
2.5 3.046×10+4 3.342×10+4 3.729×10+4
3 4.585×10+4 5.032×10+4 5.586×10+4
3.5 6.113×10+4 6.689×10+4 7.397×10+4
4 7.526×10+4 8.187×10+4 8.967×10+4
TABLE IV. Thermonuclear reaction rate NA〈σv〉 for
22Ne(p,γ)23Na in units cm−3s−1mol−1, as a function of tem-
perature T9.
V. SUMMARY AND OUTLOOK
A new direct study of the 22Ne(p,γ)23Na reaction has
been performed deep underground at LUNA. Three res-
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onances at 156.2 keV, 189.5 keV and 259.7 keV have
been observed for the first time. For these resonances,
new resonance strengths ωγ have been measured, super-
seding the previous upper limits. Moreover, new γ-ray
transitions and the corresponding branching ratios are
provided. Two of the three new resonances observed here
(156.2 and 259.7 keV) have an experimental strength that
is more than a factor of ten higher than a previous in-
direct upper limit, underlining the uncertainties involved
when using indirect data.
The three new resonances lie directly in the Gamow
window for the hot bottom burning process in AGB stars,
and they also address the lower part of the Gamow win-
dow for classical novae explosions. The full astrophysical
implications will be addressed in a forthcoming publica-
tion.
Improved, direct upper limits for three tentative reso-
nances at 71, 105 and 215 keV have also been determined.
The new limits are two to three orders of magnitude lower
than the limits from previous work and do not rely on
spin-parity assumptions that may significantly affect the
upper limits determined with indirect approaches.
A new study of the 22Ne(p,γ)23Na reaction is currently
ongoing at LUNA using a high-efficiency 4pi BGO detec-
tor. In that experiment, the tentative resonances and
the direct capture contribution will be investigated with
unprecedented sensitivity.
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